The genetic parameters of several agronomic traits were estimated in Coffea canephora in a triangular diallel with six parents and in a partial diallel with 18 parents. The yield data came from harvests obtained over 14 years divided into an initial 6-year cycle, a second cycle of 5 years after cutting back and a third cycle of 3 years after topping. Risk incidence was also observed over several years. The general combining abilities (GCA) were the principal sources of variation for the various traits considered. Parents derived from the Yangambi selections (Democratic Republic of Congo) proved to be best for yields in the three cropping cycles. The rank correlations between the GCA of the various traits indicated that first-cycle production was still not enough to predict the GCA for yield over 14 years. Susceptibility to leaf anthracnose and to drought could lead to modifications in successive classifications, with a more significant impact on production during the first cycle. The differences in susceptibility to Coffee Berry Borers had an impact on yield, which increased in line with coffee tree age. There was a rather good relation between inherent values and values in parent combinations and it was thus possible to choose parents on their own performance.
Introduction
Today, coffee is one of the main agrifood commodities traded worldwide, but fluctuations in green coffee prices penalize intensive cultivation requiring numerous inputs (fertilizers or pesticides). The selection of high-yielding varieties that are resistant to various parasites or climatic adversities has become one of the priority objectives for many producing countries (Bertrand et al, 2000) . In order to meet that objective, some research programmes have turned to the creation of hybrids that combine hybrid vigour with greater resistance to adversities. Breeding of Coffea canephora Pierre, a cross-fertilizing species producing the coffee commonly known as 'robusta', has traditionally been based on the selection of full-sib families and clones identified in the best hybrid families (Montagnon et al, 1998a) . New genetic improvement strategies have been developed for that species, notably in Cô te d'Ivoire, where a reciprocal recurrent selection scheme has been launched (Leroy et al, 1994; Montagnon et al, 1998b) .
In Cameroon, 'robusta' cultivation is subjected to highly varied environments; several selection criteria have to be taken into account in the genetic improvement of the species. It is also necessary to establish a long-term selection strategy to enable a continual increase in genetic gains. If such selection is to be successful, it is necessary to estimate genetic parameters relative to the main traits of agronomic interest, and to morphological traits that may be linked to them. It is also necessary to study yield stability in the planting material, notably with a view to determining the number of years required to estimate the productive capacity of trees (Evans and Fischer, 1999) . After the selection and dissemination of a clonal mix (Bouharmont and Awemo, 1979) , genetic improvement of C. canephora in Cameroon turned to interclonal hybrid selection (Bouharmont et al, 1986) . Several mating designs have been set up on research stations in Cameroon, to study the performance of hybrids and identify good parents. It is possible through these designs to envisage new varietal outputs for dissemination in robusta growing zones. The transmission of different agronomic traits is examined and an estimation is made of the main genetic parameters. These designs have been used to record yields over 14 consecutive years, resulting in reliable productivity estimations and making it possible to study the stability of this trait over time (Cilas et al, 1985; Dias et al, 1998) . In particular, these designs can be used to search for early yield predictors (Walyaro and Van Der Vossen, 1979) . Lastly, the production data for parent clones, obtained over two production cycles, are compared to the combining ability estimated in a triangular diallel.
Material and methods

Planting material
The coffee trees observed were derived from a triangular diallel type mating design without selfs, and a circular type partial diallel (Kempthorne and Curnow, 1961) .
The triangular diallel comprised six parents; the number of crosses carried out was therefore 5 Â 6/ 2 ¼ 15. The six parents came from the 'robusta' coffee collection in Cameroon. Clones B30, B38 and B41 were selected at the Boukoko station in the Central African Republic; clones J8, J26 and J32 came from selections in Java.
The partial diallel comprised 18 parents; with five crosses per parent, the total number of crosses planted was 5 Â 18/2 ¼ 45. Parents B2, B5, B7, B8, B10, B14, B16, B19, B25, B26, B36 and B43 were selected at the Boukoko station in the Central African Republic; parents J15 and J19 came from selections in Java; parents N2 and N5 were selected in the Nkongsamba region of Cameroon; parents Y1 and Y2 were selected at the Yangambi research station in the Democratic Republic of Congo.
C. canephora is split into two genetic groups: Guineans from West Africa and Congolese from central Africa (Charrier and Berthaud, 1988) . The Congolese genotypes could be split into two subgroups: subgroup 1 containing cultivated varieties originating from Benin and Gabon, and subgroup 2 containing wild genotypes and cultivated origins from central Africa (Montagnon et al, 1998a) . The clones used in these studies came from the subgroup 2 of the Congolese population, except J clones, pertaining to Congolese group, for which the subgroup is unspecified.
The coffee trees of the 15 crosses in the first trial were planted in 1974 in a six-block design at the Ambaka station in eastern Cameroon. The elementary plots comprising one row of 10 trees were randomized inside each block. One elementary plot was set up per cross and per block.
The coffee trees of the 45 crosses in the second trial were planted in 1975 in a five-block design at the Barombi-Kang station in the west of the country, near Mount Cameroon. The elementary plots also consisted of one row of 10 trees.
The trees were planted 3 m Â 3 m apart in the first trial and 3.5 m Â 2.5 m apart in the second. The coffee trees in both trials were grown on multiple stems without shading.
Methods
Yields per elementary plot were recorded over 14 consecutive years: during the first production cycle which lasted 6 years, then after cutting back, during a second cycle lasting 5 years and finally during the first 3 years of the third cycle after topping at the end of the second cycle. Yields were expressed in kilograms of merchantable coffee harvested. In order to compare the different cycles with each other, the yields in each cycle were divided by the number of years taken into account.
In 1980, a score for resistance to leaf anthracnose, a disease caused by Colletotrichum coffeanum Noack., was attributed to the coffee trees in the first trial, on an arbitrary scale ranging from 0 (no diseased leaves) to 5 (a very large number of diseased leaves). Similar scores were attributed to the coffee trees in the second trial in April 1978 and in May 1978 on a scale ranging from 0 to 8.
For the first trial, drought resistance scores were attributed in February 1979 and February 1986. The score in 1979 was based on the number of dry leaves, ranging from 0 (no dry leaves) to 8 (virtually all dry leaves). The score in 1986 corresponded to the quantitative variable 'number of primary branches with dry leaves per elementary plot'. For the second trial, a single score based on the number of dry leaves was attributed in February 1982. Percentages of fruits bored by Coffee Berry Borer (CBB) were also observed for each elementary plot. A recapitulation of the different variables observed is given in Table 1. The diallel analyses were then carried out using the model of Griffing (1956) for the first trial and the partial diallel model for the second trial (Kempthorne and Curnow, 1961) :
where P ijk is the phenotypic value of cross i Â j in block k, g i the general combining ability (GCA) of parent i, s ij the specific combining ability of cross i Â j, b k the effect of block k and E ijk the residual error of variance s 2 . Multivariate analyses provided access to the covariances and correlations between the variables studied for the different factors considered. Application of the genetic model then made it possible to estimate heritabilities and the genetic and phenotypic correlations between the traits studied (Baradat et al, 1995) .
The GCA of the parents were compared by the Newman and Keuls test for the different traits considered.
The rank correlations between the GCA of the different traits were estimated in order to study additive genetic links between these traits. The relations between the inherent values of the clones and their GCA were also studied.
Results
The main trait to be improved was the cumulated yield over 14 years (variable 'Yd14'). The mean for that trait amounted to 1568 kg of merchantable coffee per hectare per year for the first trial and 1253 kg for the second trial. In the first trial, the best two full-sib families came from crosses J32 Â B30 and B41 Â B30 with yields of 1940 and 1930 kg/ha/year, respectively, that is more than double that of the least productive family (J8 Â J26: 925 kg/ha/ year). In the second trial, the best family (B25 Â Y2) gave annual yields of 2044 kg of merchantable coffee per hectare, that is almost triple that of the least productive family (J15 Â J19), which produced 712 kg of merchantable coffee per hectare per year.
Diallel analyses
The diallels were analysed for all the traits observed. A strong GCA was detected for the different traits in both trials ( Table 2 ). The specific combining ability (SCA) was low and only significant for second cycle production, and for the 1979 drought score in the first trial. On the other hand, although the SCA were well below the GCA, they were significant for the second trial, except for the CBB susceptibility score. As an indication, the random effects analyses were used to estimate heritability in both the narrow sense and the broad sense. The broad sense heritability values were maximum for production cumulated over 14 years, with h 2 ¼ 0.46 and 0.52 for the first and second trials, respectively.
The parents were classed for the GCA of the different traits using the Newman and Keuls multiple comparisons test (Tables 3a and b) . For both trials, the parents that performed least well came from the Java selections (J8, J26, J15 and J19). The best two parents in the second trial were from the Yangambi selections (Y1 and Y2). The order of the parents for the different production cycles was not stable in the first trial, whereas it seemed more stable in the second trial. In particular, for the first trial, the GCA classification for first cycle production did not correspond to that of the GCA for production cumulated over 14 years.
The rank correlations for additive genetic effects are shown in Table 4 . For both trials, the correlations indicated that good prediction of cumulated production could be achieved using second cycle production. The GCA for the drought resistance and leaf anthracnose resistance scores were well correlated with each other in the first trial, hence reactions to these two adversities were linked. First cycle production was not sufficient for predicting production cumulated over 14 years in the first trial. It therefore seemed important to add additional variables to first cycle production to predict yields cumulated over 14 years. In this trial, the changes in the classification over the different production cycles could be explained by the drought and/or leaf anthracnose resistance scores. Susceptibility to anthracnose penalized first cycle production more, with a rank correlation of À0.829, which was significant. For example, parent B41, which transmitted the greatest susceptibility to drought and substantial susceptibility to Yield stability in Coffea canephora C Cilas et al anthracnose to its progeny, became the best parent for third cycle production, whereas it only came fourth for production in the first two cycles. In fact, the impact of drought decreased as the coffee trees grew older with a more developed root system. On the other hand, the GCA for production in the different cycles were well correlated with each other and with the 14-year cumulation in the second trial. In that trial, the GCA for reactions to anthracnose and drought were not significantly correlated to those for the production variables; this could be explained by less limiting environmental conditions than in the first trial. The differences in susceptibility to CBB had an impact on the GCA for the production traits, notably in the third cycle, for which the GCA was significantly correlated to the GCA for susceptibility to CBB.
Relation between GCA and inherent values
The yield data for parent clones in the first trial were obtained over two production cycles in clonal comparative trials. Drought susceptibility scores were also attributed to these clones. It was therefore possible to study the relation between the inherent values and combination values of the study clones for each of these traits. The rank correlations were significant for production cumulated over the first two cycles and the drought susceptibility score (Table 5 ). The greatest rank correlation was obtained between the GCA for first cycle production and the production of the parents cumulated over the first two cycles.
Discussion
An analysis of the diallel studied revealed mainly additive transmission of the traits taken into account, with highly significant GCA values that were always greater than the SCA effects. The most heritable trait was production cumulated over 14 years. Indeed, a large number of years made it possible to overcome annual particularities, notably climatic conditions, resulting in a reduction of environmental effects. The classifications of parents according to their GCA indicated that robusta coffee tree selections from Java performed less well for production traits. The best parents came from Yangambi selections (Democratic Republic of Congo). First cycle production, which was recorded over 6 years, was still not enough to obtain a reliable parent classification for longer term yields. The differences in susceptibility to leaf anthracnose might explain the changes in classification between successive cycles. Leaf anthracnose and drought were, in fact, more detrimental to first cycle production than to production in the following cycles (Bouharmont and Awemo, 1979) . When these adversities were less, as in the second trial, first cycle production was a good predictor of longer term cumulated yields. In addition, topping before the third cycle undoubtedly induced different reactions depending on the planting material. The GCA for CBB susceptibility was negatively correlated with that for production, and this correlation became significant in the third production cycle.
It would be worth monitoring other mating designs over fairly long periods, in order to understand the changes in classification observed over consecutive production cycles. In that respect, it would be wise to observe architectural traits on coffee trees in the trial, to ascertain the productive capacity of the trees (De Reffye, 1979; Cilas et al, 1998; Godin, 2000) . Indeed, production is merely the fulfilment of productive potential subjected to agronomic and phytosanitary constraints, and that productive potential partly depends on the growth strategy of the trees. Such studies would complete work carried out on production stability in space, and studies on genotype Â environment interactions (Agwanda et al, 2000) .
There was a fairly good relation between inherent values and combination values for the clones studied, which confirmed earlier studies (Bouharmont et al, 1986) . It is therefore possible to choose parents according to their inherent performance. Yd12c: production in the first two cycles (GCA); Yd12cP: production of the parent clones over the first two cycles; dryP: drought resistance score attributed to the parent clones.
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This study also needs to be completed with an analysis of technological traits, and possibly sensorial traits, in order to proceed with family selection combining both agronomic and organoleptic qualities.
